Introduction: This study estimated the minimal clinically important difference (MCID) for Mini Mental State Examination, Clinical Dementia Rating Scale sum of boxes, and Functional Activities Questionnaire across the Alzheimer's disease (AD) spectrum. Methods: Retrospective analysis of the National Alzheimer's Coordinating Center Uniform Data Set (9/2005-9/2016) and MCID for clinical outcomes were estimated using anchor-based (clinician's assessment of meaningful decline) and distribution-based (1/2 baseline standard deviation) approaches, stratified by severity of cognitive impairment. Results: On average, a 1-3 point decrease in Mini Mental State Examination, 1-2 point increase in Clinical Dementia Scale sum of boxes, and 3-5 point increase in Functional Activities Questionnaire were indicative of a meaningful decline. The MCID values generally increased by disease severity; the effect size and standardized response mean for those with meaningful decline were consistently in the acceptable ranges for MCID. Discussion: These findings can inform design and interpretation of future clinical trials.
Introduction
A key challenge in clinical trials to evaluate the effects of interventions related to Alzheimer's disease (AD) and dementia is to assess the clinical-rather than statistical-significance of differences in outcomes across trial cohorts. [1] The concept of a minimal clinically important difference (MCID)-also known as minimal important difference, min-imal clinically relevant change, or minimum detectable change [2] -can be valuable in this context. MCID is "the smallest difference in score in the domain of interest which patients perceive as beneficial and which would mandate, in the absence of troublesome side effects and cost, a change in patient's management." [3] Information about whether a proposed intervention has the potential to provide meaningful clinical benefits relative to comparators is important in the evaluation of clinical trials [4] and is of great value to patients, caregivers, and healthcare decision makers including treating physicians.
Despite this, empirical evidence regarding MCID estimates across various clinical outcome assessments designed to measure cognition, function, neuropsychiatric symptoms, and other global outcomes in clinical trials related to dementia is limited [1, 5] . A recent review of the literature found that only 46% of the 57 trials evaluating dementia drugs reported the clinical significance of their results [1] . In addition, there is no standardized method for estimating MCID [4, [6] [7] [8] . Two commonly used approaches to estimate MCID are: (1) an anchor-based approach, in which a change in an outcome measure is linked to a meaningful external anchor, largely corresponding to patient perception, or in case of dementia research, clinical opinion; (2) distribution-based approaches specific to clinical trial populations, in which the MCID is calibrated based on observed variation across patients enrolled in the clinical trials.
Both of these approaches have been used in clinical trials for dementia, but there is considerable variation in the resulting MCID estimates. For example, one study involving a survey of neurologists and geriatricians reported a mean MCID for the Mini Mental State Examination (MMSE) of 3.75 (95% confidence interval: 3.5-3.95) [9] . By comparison, using data from the DOMINO trial, Howard et al. estimated the MCID thresholds for MMSE and neuropsychiatric inventory (NPI) to be 1.4 and 8.0 points, respectively [10] . An additional challenge is that estimates of MCID-and in particular those using distribution-based approaches-may not generalize to other populations whose characteristics differ from the underlying study population. Furthermore, for progressive conditions like AD, it is possible that MCID estimates may differ across the disease continuum, with the different stages of cognitive impairment associated with a different calibration of the MCID [4, 11] .
To address these gaps in the literature, this study examined the MCID for the Clinical Dementia Rating (CDR) Scale sum of boxes (SB) score, the MMSE, and the Functional Activities Questionnaire (FAQ) for patients on the AD continuum who visit various Alzheimer's Disease Centers (ADCs) across the US. The study considered both anchor-based and distribution-based approaches, consistent with recommendations that describe the incorporation of both methods to estimate MCIDs [12] . The findings are reported overall and stratified by degree of cognitive impairment at the time of initial evaluation.
Methods

Data
The study used publicly available Uniform Data Set (UDS) from the National Alzheimer's Coordinating Center (NACC), which comprises data from 35 past and present ADCs supported by the National Institute on Aging/National Institute of Health [13] . The NACC, established in 1999, maintains a cumulative database including clinical evaluations, neuropathological data (when available) and magnetic reonnance imaging. The UDS reflects the total enrollment at the ADCs since September 2005 until September 2016-for a total of approximately 35,000 patients-and includes subjects with normal cognition, mild cognitive impairment (MCI), and dementia. Subjects may enroll in an ADC, and therefore UDS, via clinician referral, self-referral, referral by family members, or active recruitment through community organizations. Volunteers who wish to contribute to research on dementia may also enroll. Data for the UDS are collected and recorded directly by trained clinicians and contain, among other measures, information on (1) patient demographics, medical history (including medication use), and family history; (2) cognitive and functional status, measured using validated instruments such as the MMSE, CDR, and the FAQ; and (3) behavioral symptoms, evaluated using the NPI-Questionnaire. Importantly, at each visit the NACC data include a derived indicator of whether a clinician has observed meaningful decline in a patient's memory, nonmemory cognitive abilities, behavior, ability to manage his/ her affairs, or motor/movement changes relative to previously attained abilities. In the context of the present study, it is assumed that the clinician's assessment of a meaningful change is relative to the visit immediately preceding the time of evaluation. This indicator serves as the relevant index for our anchor-based MCID estimates.
Study sample and time periods
Patients were included in the study if they had at least two consecutive visits to an ADC during the period 9/2005-9/ 2016 (n 5 22,039) and had complete information for clinician assessment of meaningful decline in cognition, function, and/or behavioral attributes, as well as the MMSE, CDR, and FAQ scores (n 5 19,566). Patients were then stratified into four mutually exclusive cohorts:
1. Normal cognition (n 5 8404)-patients not classified as MCI-AD, mild AD dementia, or moderate-severe AD dementia, as described below, but with 1 visit with an MMSE score .26 and no evidence of a probable AD diagnosis (prAD; per National Institute of Neurological and Communicative Disorders and Stroke -Alzheimer's Disease and Related Disorders Association criteria) [14] at the same visit as MMSE score .26. 2. MCI-AD (n 5 2815)-patients with 1 visit with clinician diagnosis of MCI with a presumptive etiology of AD (per National Institute of Neurological and Communicative Disorders and Stroke -Alzheimer's Disease and Related Disorders Association criteria) on or after the first visit with MCI diagnosis, and stable or progressive disease (i.e., no subsequent visit with "normal cognition" as per the clinician's assessment).
To minimize the likelihood of including patients with MCI because of other etiologies, patients with any record of non-AD etiology were excluded. 3. Mild AD dementia (n 5 3163)-patients not classified as MCI-AD but with 1 visit with a diagnosis of prAD and MMSE score 20-26, no indication of MMSE score ,17 before earliest indication of mild AD dementia (to minimize the likelihood of including patients with considerably greater disease severity during previous visits), and stable or progressive disease (i.e., no subsequent visit with MCI or normal cognition in clinician's assessment). 4. Moderate-to-severe AD dementia (n 5 1509)-patients not classified as MCI-AD or mild AD dementia, but with 1 visit with a diagnosis of prAD and MMSE score ,20, with stable or progressive disease (as defined previously for the mild AD dementia cohort).
Because patients with AD often experience progression in their disease, it is possible that patients could meet criteria for multiple cohorts over time. However, to approximate the potential enrollment criteria for clinical trials, patients with AD were classified according to the earliest observed stage of disease in the following order: MCI-AD, mild AD dementia, and moderate-severe AD dementia. The remaining 3675 patients did not meet the criteria for any cohort and were excluded from analyses stratified by disease severity.
Patient characteristics, outcomes, and analytical approach
The following characteristics were assessed for the final analytic sample at the time of first observed ADC visit:
Demographic characteristics-mean age, gender distribution, average years of education, Select comorbidities-proportions of patients with diabetes, hypertension, hypercholesterolemia, cardiovascular conditions, cerebrovascular disease, depression, Clinical characteristics-a clinician-determined cognitive status (MCI, dementia, normal cognition); global CDR score (mean and categorical score, mean CDR-SB score, and mean MMSE score); selfreported (or informant-reported) level of independence (i.e., whether patient is independent, requires help with complex activities, basic activities, or is completely dependent); mean FAQ score; and mean NPI-Q score.
Patient characteristics were described for the overall cohort, as well as stratified by whether the patients had 1 visit where the clinician indicated a meaningful decline. Statistical significance of differences between cohorts was assessed using chi-square tests for categorical measures and Wilcoxon rank-sum tests for continuous measures.
With regards to the key outcomes, mean changes in CDR-SB, MMSE, and FAQ across consecutive visits (estimated as second visit minus the first visit) were estimated for the overall cohort, as well as the four subsets described earlier, stratified by whether the clinician indicated there was a meaningful decline from the previous visit. The 95% confidence intervals around the mean changes were also reported.
In addition to these anchor-based estimates of MCID, the following distribution-based measures of MCID were estimated [6, 15] and integrated according to previously published guidance on applying triangulation methodology to derive MCID [12] .
Effect size (ES)-defined as mean difference in score divided by standard deviation (SD) of baseline scores. Standardized Response Mean (SRM)-defined as mean difference in score divided by SD of the change from previous visit score. 0.5*SD of baseline scores.
Sensitivity analyses
The clinician's assessment of clinically meaningful decline considers changes in 1 of the following domains: cognitive, functional, and behavioral. As recent guidance for future clinical trials in AD allows for the possibility of primary endpoints based on changes in the cognitive domain alone, particularly in the earlier stages of disease [16] , MCID estimates for all clinical outcomes were also generated for a subgroup of patients experiencing a meaningful decline in the cognitive domain only. For this analysis, visits where the clinician indicated meaningful decline in functional or behavioral domains were excluded.
In another sensitivity analysis aimed at testing whether the findings were sensitive to the selection of the anchor to determine MCID estimates, similar measures as the core analyses were generated for MMSE and FAQ, stratified by whether patients experienced no change in global CDR or experienced a change of 0.5 points (from 0.5 to 1) between consecutive visits [15] .
All outcomes were evaluated at the visit level; all analyses were conducted using SAS version 9.4 (SAS Institute, Cary, NC).
Results
Sample characteristics
On average, patients in the overall study sample were evaluated approximately every year (mean 6 SD: 1.15 6 0.38 years; median [interquartile range]: 1.04 years [0.98, 1.18]). The mean age of the overall study sample (n 5 19,566) was 73 years, 43% were men, and patients had just over 15 years of education. Of the overall study sample, 6896 (35%) patients did not have any visit with a clinician-indicated meaningful decline in cognitive, functional, or behavioral attributes (Table 1) . On average, patients with no clinically meaningful decline ever were younger at their first ADC visit (71 vs. 74 years) and were less likely to be men (33% vs. 49%). Approximately 24% of patients with no meaningful decline had depression at the first ADC visit compared with 42% of those with meaningful decline. In addition, 93% of those with no meaningful decline were considered by physicians to have normal cognition (MMSE score 28.97, global CDR score 0.03; 94% with global CDR score 0), and only 0.7% used an AD medication. Relatedly, 98% were able to live independently. By comparison, among those with meaningful decline, nearly half were already diagnosed with dementia at the time of first presentation, 32% with MCI, and 6% with other cognitive impairment; 41% used AD medication, and only 53% were able to live independently. The mean MMSE score for the cohort with meaningful decline was 24.61, the mean global CDR was 0.67 (54% had a score of 0.5 and 24%, a score of 1), and the mean FAQ score was 8.36 (Table 1) .
All comparisons between the meaningful decline cohort and the no meaningful decline cohort were statistically significant (P , .0001).
Changes in clinical outcomes and MCID measuresoverall and by disease severity
Overall, across all visits, the mean changes in CDR-SB scores for visits with and without clinician-indicated meaningful decline were 1.19 (ES: 0.32; SRM: 0.55) and 20.02 (ES: 20.04; SRM: 20.05), respectively ( Fig. 1) . Similarly, mean changes in MMSE scores for visits with and without clinician-indicated meaningful decline were 21.64 (ES: 20.29; SRM: 20.47) and -0.04 (ES: 20.02; SRM: 20.02), respectively. Regarding functional attributes, the mean changes in FAQ among visits with and without clinically meaningful decline were 2.49 (ES: 0.26; SRM: 0.47) and 0.03 (ES: 0.02; SRM: 0.02), respectively ( Table 2 ). The minimum change thresholds at which over 70% of visits were classified as having a clinically meaningful decline were as follows: an increase of 0.5 in CDR-SB, a decrease of 3 points on the MMSE, and an increase of 1 point on the FAQ (Table 3) .
When evaluated by disease severity, the proportions of visits with clinically meaningful decline increased with increase in disease severity: 16% of visits in the "normal" cohort had clinically meaningful decline compared with 82% of visits in the MCI-AD cohort, 97% in the mild AD dementia cohort, and 99% visits in the moderate-severe AD dementia cohort ( Supplementary Fig. 1 ). In addition, on average, the magnitude of changes in CDR-SB, MMSE, and FAQ associated with clinician assessment of meaningful decline increased with increase in disease severity ( Fig. 1 and Table 2 ). For example, among those with a clinically meaningful decline, the mean change in CDR-SB scores was 0.54 for patients with normal cognition (ES: 0.29; SRM: 0.34), 0.98 among those with MCI-AD (ES: 0.44; SRM: 0.57), 1.63 for those with mild AD (ES: 0.54; SRM: 0.70), and 2.30 for the moderate-severe AD cohort (ES: 0.51; SRM: 0.81). The changes in CDR-SB scores for visits with no meaningful decline also increased-from -0.02 in the normal cohort to 0.10 in the moderate-severe AD cohort-however, the effect sizes were not meaningful (ES: 20.06 and 0.03, respectively) ( Fig. 1) . Results from the distribution-based method are consistent with the anchor-based approach, with similar ½ SD values for CDR-SB, and slightly larger but comparable values for MMSE and FAQ ( Fig. 1 and Table 2 ).
MCID estimates among visits with no changes in behavior and/or motor function
Compared with the core analysis including all visits, the magnitudes of changes at which majority (70%) of the visits were categorized as having meaningful decline were higher for the subgroup with decline in the cognitive domain only-CDR-SB: increase of 1, MMSE: decrease of 6, and FAQ: increase of 5 points (data not shown). On average, the mean changes in CDR-SB, MMSE, and FAQ across visits with meaningful decline were smaller than the core analysis; however, the ES/SRM values were similar. For example, the mean change in CDR-SB for visits with meaningful decline was 0.74 (ES: 0.31; SRM: 0.47) compared with a change of 1.19 (ES: 0.32; SRM: 0.55) in the main analysis ( Table 4 ). The mean changes for visits with clinician-indicated no meaningful decline were very small in both analyses-for example, 20.02 for the main analysis and 0.00 for the sensitivity (ES and SRM were 20.04 and 20.05 for the core analysis and 0.00 for the sensitivity).
MCID estimates, by changes in global CDR scores
Overall, the ES/SRM of MMSE and FAQ among visits with changes in global CDR score from 0.5 to 1 were in the acceptable ranges for MCID [17] , whereas the ES/ SRM in those with no change in global CDR scores were not meaningful (Table 5 ). Specifically, the mean change in MMSE for visits with a change in CDR score was -2.58 (ES: 20.73; SRM: 20.72) compared with a change in MMSE of 20.46 (ES: 20.10; SRM: 20.21) for those with no change in CDR scores. The mean change in FAQ for visits with a change in CDR score was 6.25 (ES: 1.01; SRM: 0.97) compared with a change in FAQ of 0.72 (ES: 0.10; SRM: 0.22) for those with no change in CDR scores. When evaluated for cognitive status, on average, the changes in MMSE and FAQ scores for visits among patients with MCI or mild AD were similar to the overall cohort ( Table 5 ).
Discussion
Validated definitions of MCID for clinical measures used in AD research remain underexplored in the literature [1, 4, 5] . In addition, previous approaches to define MCIDs have focused on patients at more advanced stages of the disease or focused on a narrow subset of clinical outcome assessments [5] . Although the clinical outcome assessments included in the NACC UDS may not be uniformly consistent with those included in contemporary clinical trials, this Effect size was calculated at the visit level as the mean difference in score divided by SD (baseline) . 3. SRM was calculated at the visit level as the mean difference in score divided by SD of the change from previous visit score. study provides estimates of clinically meaningful changes for several relevant domains across the AD spectrum, including the earlier stages of MCI-AD and mild AD-the primary focus of most current therapeutic trials. Across the overall cohort of NACC participants with cognitive abilities ranging from normal to moderate-severe AD dementia, on average, a 1-2 point increase in CDR-SB, a 1-3 point decrease in MMSE, and 3-5 point increase in FAQ were indicative of a meaningful decline in the clini-cian's assessment. The ES/SRM for those with a clinically meaningful decline were in the acceptable ranges for MCID (ES: 0.2-0.5; SRM: 0.4-0.8), whereas the ES/SRM for changes in visits with no meaningful decline indicator were close to zero. Estimates generated from the distribution-based approach (1/2 SD at baseline), as well as using a change in global CDR (as a different anchor), were supportive of the estimates generated using the clinician's assessment as an anchor for MMSE (w1-3 point decrease on average), and somewhat larger-but comparable-for FAQ (w5-7 point increase on average). Among the subset of patients with decline in cognitive domain only, the MCID estimates for CDR-SB, MMSE, and FAQ across visits with meaningful decline were smaller than the core analysis, however, the ES/SRM were similar. MCID for CDR-SB and FAQ have not been estimated previously [5] . However, our estimates of MCID for MMSE are consistent with the published range of MCID estimates for this outcome measure (a decrease of 1.4-4 points) [9, 10] .
In stratifying the findings by disease severity, not surprisingly, we found that the proportions of visits characterized as having a clinically meaningful decline (in clinician's opinion) increased from 16% among the normal cognition cohort to 99% among those with moderate-severe AD dementia. In addition, the magnitudes of MCID estimates increased by stage of severity across the disease continuum. For example, among visits with clinically meaningful decline, the mean change in MMSE scores over consecutive visits for the normal cohort was 20.89 compared with 23.22 for the moderate-severe AD dementia cohort. Furthermore, the ESs and SRM among visits with meaningful decline were consistently within the acceptable ranges for MCID, but ,0.1 for those with no meaningful decline. These findings are consistent with previous reports that an increase in disease severity may be associated with a faster deterioration in cognitive and functional attributes [18, 19] and underscore the need to calibrate the MCID measures according to the disease severity of the patient population being studied. In addition, our findings suggest that the thresholds of change in global, cognitive, and functional domains that are associated with a clinician's impression of meaningful decline in MCI-AD and mild AD dementia are lower than the conventionally accepted thresholds. These Table 3 Smallest change estimates for majority of visits with clinician-indicated meaningful decline (overall; n 5 57,097 pairs of visits) results are consistent with a recent study that used a similar anchor-based methodology and estimated that the MCID for ADAS-Cog in mild AD was lower (3 points) compared to previous recommendations made by a consensus committee of the FDA for patients in more advanced stages (4 points) [15] . Future research should evaluate whether these estimates are corroborated by the responder status observed in contemporary clinical trials.
Strengths and limitations
This study utilized data from a large cohort of patients who repeatedly visit various ADCs across the US on an annual basis (on average), and therefore the findings are not limited to a particular trial population. However, the population enrolled in the NACC UDS may not be representative of the broader population with cognitive impairment because of differences in patient characteristics and enrollment procedures [13] . In particular, patients enrolled in the NACC UDS are more educated than the general US population. In addition, each ADC enrolls the subjects according to its own protocol, and patients may enroll for reasons other than seeking treatment (e.g., to participate in clinical trials). Relatedly, to assess the changes in various clinical endpoints over time, the study was limited to patients with at least two consecutive visits to the ADCs, further limiting the representativeness of the sample. Furthermore, while the data facilitate evaluation of changes in patients' clinical attributes across the AD spectrum, the precise dates of cognitive impairment diagnoses and changes in disease severity are not captured within the data. In addition, although the clinical criteria for determining MCI due to AD were updated in 2011 [14] , these changes were not implemented within the NACC until March 2015 [13] . As such, the cohorts evaluated in this study may not reflect the current clinical practice. In addition, we assumed that the clinician's assessment of a meaningful decline at a given visit was relative to the assessment at the previous visit, but the precise considerations, including the use of any validated tool for the clinical decision making within and across ADCs remain unknown. Finally, it should be noted that the MCID estimates present average changes within the sample cohort and might not be appropriate for interpretation of individual level findings. Of note, the present findings may represent conservative estimates, given that an unknown proportion of the sample deemed to have meaningful decline may have achieved a clinically important decline at a precise date before the annual follow-up assessment, thereby surpassing the MCID between visit periods. In other words, the MCID estimates from the present study may reflect change thresholds that are higher than the true MCID. Moreover, the MCIDs reported in this study correspond to the clinicians' assessments of a meaningful decline as opposed to the patients' perceptions. Nonetheless, the study findings present average effects based on the clinical judgment of multiple treating physicians across ADCs. As such, the study findings offer the potential to inform design of future clinical trials based on actual clinical practice.
Conclusions
Using clinicians' assessment of meaningful decline in patients' cognitive, functional, or behavioral attributes since the previous visit as an anchor, a 1-2 point increase (on average) in CDR-SB, a 1-3 point decrease in MMSE, and a 3-5 point increase in FAQ over 1 year are considered clinically meaningful. Across the disease severity spectrum, the thresholds for clinically meaningful decline increased from MCI-AD to moderate-severe AD. Specifically, the MCID estimates for CDR-SB, MMSE, and FAQ were as follows: MCI-AD: 11, 21, and 13; mild AD: 12, 22, and 13; moderate-severe AD: 12, 23, and 13, respectively (where '1' indicates an increase in score and '2' indicates a decrease in score). The MCID estimates based only on the distribution of scores at baseline were slightly larger but generally consistent with and supportive of the anchorbased approach. These findings suggest that it is important to calibrate the MCID measures to be used in clinical trials according to disease severity of the patient population.
